New phase equilibrium modelling, combined with U-Th/Pb petrochronology on monazite and xenotime, and 40 Ar/ 39 Ar geochronology on white mica, reveal the style of deformation and metamorphism near the southern tip of the extruded Himalayan metamorphic core (HMC). In the Jajarkot klippe, west Nepal foreland, in the hinterland were also active earlier, during the Oligocene, at the tip of the southward-extruding middle crust.
2000; Vance & Harris, 1999; Warren et al., 2011 Warren et al., , 2014 . However, sparse preservation of pre-Himalayan metamorphic event(s) implies that metamorphic conditions can only be used to constrain tectonic models for the Himalayan orogeny if they are tied to geochronological constraints (e.g., DeCelles, Gehrels, Quade, LaReau, & Spurlin, 2000; Gehrels et al., 2003; Marquer, Chawla, & Challandes, 2000) . In the hinterland of the mountain belt, evidence for pre-Himalayan metamorphism includes Cambro-Ordovician monazite and allanite inclusions in garnet (e.g., Catlos, Sorensen, & Harrison, 2000; Catlos et al., 2002; Kohn, Wieland, Parkinson, & Upreti, 2004) , Cambro-Ordovician monazite in the matrix of kyanite and sillimanite schists (Palin et al., 2018) , Ordovician monazite in leucosome, interpreted as inherited from the host schist (Godin et al., 2001) , early Cambrian garnet porphyroblasts (Argles, Prince, Foster, & Vance, 1999) , and foliated and folded greenschist to upper amphibolite facies metamorphic rocks intruded by late Cambrian granite bodies (e.g., Manickavasagam et al., 1999; Marquer et al., 2000) . However, pre-Himalayan metamorphism has been strongly overprinted by Cenozoic metamorphism in most cases, such that the metamorphic conditions recorded in the rocks are generally representative of the state of the middle crust during the Himalayan orogeny.
In the Himalayan foreland of southern Nepal and northwest India, metamorphic rocks are exposed in a series of discontinuous klippen (Almora, Dadeldhura, Karnali, Jajarkot, and Kathmandu klippen on Figure 1 ; Johnson, 2005 ; Soucy La Roche, Godin, & Crowley, 2018; Upreti & Le Fort, 1999) . The klippen were emplaced along a top-to-the-SW thrust-sense shear zone during the Oligocene and the Miocene (e.g., Antolín, Godin, Wemmer, & Nagy, 2013; Johnson, Oliver, Parrish, & Johnson, 2001 ; Soucy La Roche, Godin, Cottle and Kellett, 2018; Soucy La Roche, Godin, & Crowley, 2018) attesting to the effect of Himalayan orogenesis. However, the klippen record lower grade metamorphic conditions in the hangingwall of the thrust-sense shear zone, compared to the hinterland, which may have contributed to the better preservation of evidence of pre-Himalayan metamorphism (e.g., Gehrels, DeCelles, Ojha, & Upreti, 2006a , 2006b . Regional upper greenschist facies metamorphism in the Kathmandu klippe in central Nepal is in part attributed to an early Palaeozoic event based on undeformed Cambro-Ordovician granite dykes intruding foliated, folded, and faulted garnet-bearing schist, foliated xenoliths in early Ordovician granite bodies, Cambrian monazite inclusions in garnet, and Ordovician conglomeratic strata interpreted as syn-orogenic deposits (Cawood, Johnson, & Nemchin, 2007; Gehrels et al., 2003 Gehrels et al., , 2006a Schärer & Allègre, 1983; Stöcklin, 1980) . Regional upper greenschist facies metamorphism in the Dadeldhura klippe in far-west Nepal is also constrained to the early Palaeozoic based on undeformed early Ordovician granite dykes that cross-cut tightly folded quartzite, foliated xenoliths in Cambro-Ordovician granite bodies, and regional folding prior to deposition of Ordovician conglomeratic strata, interpreted as syn-orogenic sediments, on top of an angular unconformity (Gehrels et al., 2006b; Kaphle, 1992) . In the Almora klippe in northwest India, greenschist to upper amphibolite facies metamorphism is inferred to be dominantly Precambrian based on folded regional metamorphic isograds that are cut by the Himalayan-age Almora thrust at the base of the klippe, contact metamorphism that overprints regional metamorphism around the Neoproterozoic Almora granite, and evidence for two generations of garnet growth (Joshi, Singh, & Goel, 1994; Joshi & Tiwari, 2004 , 2009 . In contrast, kyanite-grade suprasolidus metamorphism in the Karnali klippe in west Nepal is entirely constrained to the Eocene-Oligocene based on monazite petrochronology (Soucy La Roche, . Due to the foreland position and early exhumation of the Karnali klippe, these metamorphic conditions are interpreted to represent the state of the middle crust during the early evolution of the Himalaya (Soucy La Roche, .
Previous studies have demonstrated that the inheritance of pre-Himalayan metamorphism in the foreland klippen may be important, and that metamorphic conditions must be assessed in combination with geochronological data to constrain tectonic models that describe the evolution of the Himalaya (e.g., DeCelles et al., 2000; Gehrels et al., 2003 Gehrels et al., , 2006a Gehrels et al., , 2006b ). This paper presents the first pressure-temperature-time-deformation (P-T-t-D) paths from the Jajarkot klippe in west Nepal, which represents one of the foreland-most, and lowest metamorphic grade exposures of the metamorphic core of the Himalayan orogen (Soucy La Roche, Godin, & Crowley, 2018) . The Jajarkot klippe is therefore a possible key location to detect evidence of preHimalayan metamorphism. Alternatively, this location may reveal important information about the evolution of the Himalayan middle crust. The tectonometamorphic evolution of the Jajarkot klippe differs from that of the hinterland, notably because of the lack of melt-bearing rocks that drastically modify the rheology of the middle crust (Soucy La Roche, Godin, & Crowley, 2018) . Metamorphic conditions are evaluated with phase equilibrium modelling and the timing of metamorphic and deformation events is constrained with U-Th/Pb petrochronology on monazite and xenotime and 40 Ar/ 39 Ar geochronology on white mica.
| GEOLOGY OF THE CENTRAL

HIMALAYA
The Himalayan orogen is the result of the ongoing continental collision between the Indian craton and Asia, which started at c. 55 Ma (Hu et al., 2016; Najman et al., 2010 Najman et al., , 2017 . The Himalayan orogenic system is divided into four laterally continuous lithotectonic belts in tectonic contact along major crustal-scale faults and shear zones (Figure 1 ; Gansser, 1964; Hodges, 2000; Le Fort, 1975; Yin, 2006; Yin & Harrison, 2000) . They are, from north to south and structurally highest to lowest, the Tethyan sedimentary sequence (TSS), the Greater Himalayan sequence (GHS), the Lesser Himalayan sequence (LHS), and the Sub-Himalaya ( Figure 1 ). The TSS is composed of weakly to non-metamorphosed Palaeozoic to Cenozoic sedimentary rocks bounded at the base by the top-to-the-NE South Tibetan detachment (STD) (Burchfiel et al., 1992; Caby, Pêcher, & Le Fort, 1983; Garzanti, 1999; Godin, 2003; Kellett, Cottle, & Larson, 2018) . The STD is a several km-thick shear zone that was active from the early Oligocene to the middle Miocene (Burchfiel et al., 1992; Caby et al., 1983; Cottle, Searle, Jessup, Crowley, & Law, 2015; Iaccarino, Montomoli, Carosi, Montemagni, et al., 2017; Leloup et al., 2010; Soucy La Roche, Godin, Cottle, & Kellett, 2016 ; Soucy La Roche, .
In the footwall of the STD, the GHS is composed of Proterozoic to early Palaeozoic metasedimentary rocks intruded by c. 880-800 Ma, 510-460 Ma, and 28-14 Ma granites (Debon, Le Fort, Sheppard, & Sonet, 1986; Gehrels et al., 2011; Le Fort, 1975; Martin, 2017a; Myrow et al., 2003; Searle, Cottle, Streule, & Waters, 2010; Searle & Godin, 2003) . The GHS records a cryptic phase of early Palaeozoic metamorphism that is rarely preserved in the hinterland and is better documented Himalayan metamorphic core (HMC) to refer to all rocks that record evidence of mid-crustal deformation and metamorphism during the Himalayan orogeny (e.g., Cottle, Larson, & Kellett, 2015) . In this framework, the base of the HMC corresponds to the base of the MCT zone, where we place the MCT as per the definition of Searle et al. (2008) .
Two different styles of tectonometamorphic evolution associated with the Himalayan orogeny are recorded in the HMC (Goscombe, Gray, & Foster, 2018; Larson et al., 2010; Rolfo, Groppo, & Mosca, 2015; Yakymchuk & Godin, 2012) . The upper HMC is characterized by broad, suprasolidus clockwise P-T loops, typical of protracted metamorphism in deep orogenic hinterlands. A high-P and moderate-T (0.7 to >1.5 GPa, 500-700°C) stage is associated with limited partial melting during Eocene-Oligocene crustal thickening (Godin et al., 2001; Groppo, Lombardo, Rolfo, & Pertusati, 2007; Iaccarino et al., 2015; Inger & Harris, 1992; Kellett et al., 2014; Stübner et al., 2014; Vannay & Hodges, 1996) . This early metamorphic stage is widely overprinted by a medium-P and high-T (0.3-0.7 GPa, >600°C) stage, associated with widespread partial melting and crystallization of large leucogranite bodies during the early to middle Miocene ( Figure 1a ; Godin et al., 2001; Kohn, Catlos, Ryerson, & Harrison, 2001; Pêcher, 1989; Streule et al., 2010; Vannay & Hodges, 1996) . In central and west Nepal, peak-T conditions between 600 and 750°C were attained during the Miocene in the upper HMC. Temperature is generally consistent or increases slightly with decreasing structural depth up to the STD, where it decreases sharply below 400-500°C. Pressure conditions at peak-T decrease from~1,000 to~500 MPa with decreasing structural depth (e.g., Kohn, 2008 Kohn, , 2014 Larson et al., 2010; Parsons et al., 2016; Yakymchuk & Godin, 2012; and references therein) . In contrast, the lower HMC is characterized by hairpin-shaped P-T loops, indicating a quick burial and exhumation path, typical of foreland-style crustal thickening (Goscombe et al., 2018; Kohn, 2008; Larson et al., 2010 Larson et al., , 2013 Yakymchuk & Godin, 2012) . Metamorphism in the lower HMC is associated with the downward propagation of the MCT by basal accretion during the middle to late Miocene, i.e., younger than in the upper HMC, and is driven by overthrusting of the upper HMC (Braden, Godin, Cottle, & Yakymchuk, 2018; Goscombe et al., 2018; Kohn et al., 2005; Larson et al., 2013; Mottram et al., 2014) . In central and west Nepal, peak P-T increases from~600 MPa and~450°C to~1,000 MPa and~600°C with decreasing structural depth (e.g., Kohn, 2008 Kohn, , 2014 Kohn et al., 2001; Larson et al., 2010; Parsons et al., 2016; Yakymchuk & Godin, 2012 and references therein) . Thermal conditions in the lower HMC were not sufficient to induce partial melting. 
THE JAJARKOT KLIPPE
The Jajarkot klippe in west Nepal, also referred to as the Jaljala synclinorium, forms a 125 km by 30 km WNW-ESE-trending non-cylindrical synform to the southeast of the Karnali klippe (Figures 1 and 2 ; Arita, Sharma, & Fujii, 1984; Fuchs & Frank, 1970; Hayashi, Fujii, Yoneshiro, & Kizaki, 1984; Sharma & Kizaki, 1989; Sharma, Kansakar, & Kizaki, 1984; Soucy La Roche, Godin & Crowley, 2018) . Detailed mapping, microstructural analysis, and geochronology of detrital zircon demonstrate a correlation between the rock units exposed in the Jajarkot klippe and the HMC and TSS exposed in the hinterland (Figure 1b , Soucy La Roche, Godin & Crowley, 2018) . The HMC in the Jajarkot klippe is 3-4 and 4-8 km thick on the north and south flanks, respectively, and thicker in the eastern part of the study area ( Figure 2) . A 1-4 km thick, high-strain, top-to-the-SW ductile shear zone at the base of the Jajarkot klippe coincides with the base of an inverted metamorphic sequence that places greenschist to lower amphibolite facies HMC rocks over weakly to unmetamorphosed LHS rocks (Figure 2 ). This shear zone is correlated to the MCT zone, the base of which is the MCT according to the definition of Searle et al. (2008) . In the hangingwall of the MCT, the HMC is composed of interlayered quartzite, rare granitic augen gneiss (tentatively correlative to the Ulleri orthogneiss), pelitic to psammitic schist, and calc-schist. Above the MCT zone, HMC units are pervasively deformed and display sparse evidence for top-to-the-SW shear. No undeformed granite bodies were observed in the HMC. Ã 1 km thick top-to-the-NE shear zone correlative to the STD is exposed at the top of the HMC. The TSS in the hangingwall of the STD is composed of arenite interlayered with marble and biotite-white mica-chlorite schist that grades progressively upward into limestone interlayered with arenite that preserves sedimentary structures. The maximum depositional age of a quartz arenite unit at the base of the TSS is constrained to the late Cambrian by U-Pb geochronology on detrital zircon (Soucy La Roche, Godin, & Crowley, 2018) . The Late Cambrian maximum depositional age is consistent with the presence of crinoid ossicles and the absence of other fossils that could suggest a younger depositional age (Fuchs & Frank, 1970; Soucy La Roche, Godin, & Crowley, 2018) . The preserved section of TSS in the Jajarkot klippe is at most~3 km thick, much thinner than in the lower Dolpo and Annapurna areas to the north, where the TSS is up to~10 km thick and includes Cambrian to Cretaceous units (Figure 1b ; Colchen, Le Fort, & Pêcher, 1981; Fuchs, 1977; Garzanti, 1999) , which suggests that much of the TSS has been eroded in the Jajarkot klippe.
The well-developed schistosity in all HMC units dips moderately to steeply to the NNE on the south flank of the klippe, and to the SSW on the north flank, i.e., parallel to the shear zones bounding the HMC. The quartz and biotite aggregate lineation generally trends to the NE on the south flank of the klippe, and to the SW on the north flank, consistent with the direction of tectonic transport during emplacement of the klippe. The regional synform is open and upright at the west end of the klippe, whereas the north flank is steep to overturned in the central part of the klippe (Figure 2 ; Soucy La Roche, Godin, & Crowley, 2018) . Outcrop-and map-scale folds overprint the regional shear foliation, which suggests that these folds were formed during or after the emplacement of the klippe. The metamorphic field gradient increases up-section from greenschist facies at the MCT to lower amphibolite facies in the middle and top of the HMC and decreases to greenschist and subgreenschist facies in the TSS. No previously published quantitative pressure constraints are available, but garnet-biotite Fe-Mg exchange thermometry using the calibration of Ferry and Spear (1978) suggests peak metamorphic temperatures of 400-475°C in the HMC (Sharma & Kizaki, 1989) . Quartz crystallographic <c>-axis preferred orientation fabrics and recrystallization microstructures in quartz and calcite suggest that the temperature of deformation increases up-section from~450°C at the MCT to~600°C at the base of the STD zone and decrease to 250-300°C in the TSS (Soucy La Roche, Godin, & Crowley, 2018) . These data suggest that peak metamorphic temperatures reported in Sharma and Kizaki (1989) may be underestimated. Metamorphic P-T conditions in the Jajarkot klippe must therefore be re-assessed.
| SAMPLES
In total, 10 samples were investigated for phase equilibrium modelling, monazite and xenotime petrochronology, and/or 40 Ar/ 39 Ar geochronology. Samples JK-16, JK-22, JK-48, JK-45, and JK-29 are garnet-grade schists that do not contain staurolite, kyanite or sillimanite, or any evidence of former melt and were used for phase equilibrium modelling. Only garnet-grade schist samples JK-48, JK-45, and JK-99 contain monazite suitable for petrochronology. Other metapelitic samples have higher CaO, and contain allanite, consistent with the expanded stability field of allanite (vs. monazite) towards higher temperature and pressure for Carich bulk rock compositions (Janots et al., 2007; Spear, 2010) . 40 Ar/ 39 Ar data were collected from white mica from samples JK-11, JK-16, JK-184, JK-48, JK-167B, JK-45, JK-29, and JK-98. Samples are located on Figure 2 , and the geographical coordinates, structural positions, and type (s) of analysis performed on each sample are summarized in Table 1 . Samples are described with increasing structural height above the MCT, irrespective of the flank position, transect position, and types of analysis performed.
| Descriptions
Sample JK-11 was collected at the base of the MCT zone on the south flank of the Jajarkot klippe along the easternmost transect (Lungrī Kholā, Figure 2 ). Sample JK-11 contains the peak metamorphic assemblage Cld+Wm+ Chl+Qz+Pl with accessory Ilm+Tur+Zrn (mineral abbreviations after Whitney & Evans, 2010 ; except Wm-white mica). Chloritoid porphyroblasts are generally parallel to or at a slight angle to the foliation and occur in quartz-rich pods that frequently display a top-to-the-SW asymmetry. White mica is large (~1,000 μm diameter), abundant, and defines a strong foliation offset by top-to-the-SW shear bands, suggesting pre-to syn-kinematic growth (Figure 3a) . Sample JK-16 was collected at the top of the MCT zone on the south flank of the Jajarkot klippe along the easternmost transect (Lungrī Kholā, Figure 2 ). The peak metamorphic assemblage is Grt+Wm+Bt+Chl+Qz+Pl with accessory Ilm+Ep+Aln+Tur+Ap+Zrn. Garnet ranges from 1 to 4 mm in size and is wrapped by the foliation, which suggests that it is pre-to syn-kinematic with respect to the foliation (Figure 3b ). Garnet contains abundant inclusions of plagioclase, quartz, and ilmenite that are randomly oriented or oriented at an angle to the matrix foliation (Figure 3b) . Garnet is generally euhedral although some edges are partially replaced by chlorite. Chlorite also occurs as small foliation-parallel flakes dispersed in the matrix. White mica (250-500 μm diameter) and biotite form top-to-the-NE shear bands, which were not observed at the outcrop scale or in adjacent outcrops and appear to be a local microstructure only (Figure 3b ).
Sample JK-184 was collected at the top of the MCT zone on the north flank of the Jajarkot klippe along the westernmost transect (Bherī Nadī, Figure 2 ). It contains the peak metamorphic assemblage Grt+Wm+Bt+Qz+Pl with accessory Chl+Ilm+Ep+Aln+Tur+Ap+Zrn. Garnet is anhedral and poikilitic. Inclusions of quartz, ilmenite, and plagioclase form sigmoidal trails pointing to a top-to-the-SW sense of shear, assuming that garnet has rotated with respect to the foliation (e.g., Gray & Busa, 1994; Powell & Vernon, 1979; Schoneveld, 1977) , which is consistent with the asymmetry of the pressure shadows next to the garnet porphyroblasts ( Figure 3c ). White mica (250-400 μm diameter) and biotite define the foliation (Figure 3c ).
Sample JK-22 was collected above the MCT zone, in the middle of the HMC, on the south flank of the Jajarkot klippe along the easternmost transect (Lungrī Kholā, Figure 2) . It contains the peak metamorphic assemblage Grt+Bt+Wm+Chl+Qz+Pl with accessory Ilm+Tur+Ap+ Ep+Aln+Zrn. Garnet is euhedral, ranges from 0.7 to 2 mm in size and is wrapped by the foliation. Garnet contains sigmoidal inclusion trails of quartz and ilmenite (Figure 4) , indicating a top-to-the-SW syn-kinematic crystallization assuming that garnet has rotated with respect to the foliation (e.g., Gray & Busa, 1994; Powell & Vernon, 1979; Schoneveld, 1977) . White mica (200-300 μm diameter), biotite, chlorite, and elongate grains of quartz and plagioclase define the foliation.
Sample JK-48 was collected above the MCT zone, in the middle of the HMC, on the north flank of the Jajarkot klippe along the easternmost transect (Lungrī Kholā, Figure 2 ). The peak metamorphic assemblage is Grt+Wm+ Bt+Chl+Qz+Pl with accessory Ilm+Tur+Ap+Ep+Aln+ Zrn+Mnz+Xtm. Garnet is anhedral, ranges from 4 to 7.5 mm in size and contains inclusions of quartz, ilmenite, and allanite that form a folded internal foliation (Figure 3d) . The matrix foliation, defined by white mica and biotite, is irregularly crenulated. White mica is dominated by a first generation of small thin grains (100-300 μm bỹ 10 μm) oriented parallel to the foliation, whereas large grains (200-600 μm by 50-300 μm) of a second generation cross-cut the foliation (Figure 3e ). In addition to forming rare small flakes in the matrix, chlorite also occurs as partial coronas next to resorbed garnet edges ( Figure 3d ). Ilmenite is abundant in garnet (core and rim) and in the matrix.
Sample JK-167B was collected in the immediate footwall of the STD zone, at the top of the HMC, on the north flank of the Jajarkot klippe along the west-central transect (Muglu Kholā, Figure 2 ). The peak metamorphic assemblage is Grt+Wm+Bt+Qz+Pl with accessory Ilm+Ep+ Aln+Tur+Ap+Zrn. Garnet is subhedral and contains cracks filled with chlorite. It is wrapped by the foliation and contains randomly oriented inclusions of quartz, ilmenite, tourmaline, and allanite. White mica is coarse (500-600 μm 
diameter) and defines the main foliation along with biotite ( Figure 3f) . In rare areas, smaller flakes of white mica and biotite outline a previous foliation preserved in microlithons ( Figure 3f ). Sample JK-45 was collected at the base of the STD zone on the north flank of the Jajarkot klippe along the easternmost transect (Lungrī Kholā, Figure 2 ). The peak metamorphic assemblage is Grt+Wm+Bt+Chl+Qz+Pl with accessory Ilm+Tur+Ap+Zrn+Rt+Mnz+Xtm. Garnet is anhedral, ranges from 1.5 to 4.5 mm in size, is wrapped by the foliation, and contains sigmoidal inclusion trails of quartz, ilmenite, and monazite ( Figure 3g ). This microstructure suggests a top-to-the-NE sense of shear during garnet growth, assuming that garnet has rotated with respect to the foliation. This assumption is reasonable because sample JK-45 was collected in a top-to-the-NE shear zone that displays several other types of shear-sense indicators (see detailed structural characterization in Soucy La Roche, Godin, & Crowley, 2018) , and because porphyroblasts can rotate under simple and general shear (e.g., Ghosh & Ramberg, 1976) , which can produce sigmoidal inclusion trails (e.g., Gray & Busa, 1994; Powell & Vernon, 1979; Schoneveld, 1977) . The foliation, defined by white mica, biotite, chlorite, and elongate grains of plagioclase is folded and irregular. Two generations of white mica are recognized. The first generation is composed of fine-grained (100-200 μm by 10-30 μm) mica parallel to the foliation, and the second is coarser (200-400 μm by 40-60 μm), parallel to or randomly oriented and cross-cutting the foliation (Figure 3h) . Chlorite occurs as rare, foliation-parallel, small flakes, and coronas around partially resorbed garnet grains ( Figure 3g ). Ilmenite is present as inclusions in garnet (core and rim) and is the most abundant iron oxide in the matrix. Rutile forms rare individual grains in the matrix and sparsely replaces ilmenite.
Sample JK-29 was collected in the middle of the STD zone on the south flank of the Jajarkot klippe along the easternmost transect (Lungrī Kholā, Figure 2 ). The peak metamorphic assemblage is Grt+Wm+Bt+Chl+Qz+Pl with accessory Ilm+Tur+Ap+Ep+Aln+Zrn. Garnet is subhedral, ranges from 0.5 to 2 mm in size, and is wrapped by the foliation. Garnet contains sigmoidal inclusion trails of quartz and ilmenite ( Figure 3i ) suggesting a top-to-the-NE sense of shear assuming that garnet has rotated with respect to the foliation (e.g., Gray & Busa, 1994; Powell & Vernon, 1979; Schoneveld, 1977) . This sense of shear is consistent with abundant top-to-the-NE shear bands defined by fine-grained white mica (250-350 μm diameter) and biotite in the matrix (Figure 3j ). Chlorite occurs as small flakes parallel to the foliation and as large porphyroblasts wrapped by the foliation.
Sample JK-99 was collected at the top of the STD zone on the south flank of the Jajarkot klippe along the east-central transect (Mādī Kholā, Figure 2 ). The peak metamorphic assemblage is Grt+Bt+Chl+Wm+Qz+Pl with accessory Ilm+Tur+Ap+Zrn+Mnz+Aln+Xtm. Garnet is subhedral and contains inclusion trails of quartz, ilmenite, tourmaline, and allanite that are at an angle to the external foliation. Some inclusions trails are straight, whereas others are S-shaped with an apparent top-to-the-SW sense of F I G U R E 3 Photomicrographs of samples in plane-polarized (PPL), cross-polarized light (XPL), and backscattered electron (BSE) presented in structural order from the base of the Main Central thrust (MCT) zone (JK-11) to the Tethyan sedimentary sequence (TSS) . Note that the polarizer and analyser are not oriented horizontally and vertically such that white mica parallel to the foliation is not at extinction in XPL. (a) White mica at the base of the MCT zone is deformed by top-to-the-SW shear bands. Note the small chloritoid porphyroblast (XPL). (b) Euhedral garnet wrapped by the foliation, and shear bands indicating a top-to-the-NE sense of shear, opposite to the dominant sense of shear observed throughout the MCT zone (stitched PPL photomicrographs). (c) Sigmoidal inclusion trails (assuming that garnet has rotated with respect to the foliation) and asymmetric pressure shadows indicate garnet growth contemporaneous with top-to-the-SW sense of shear in the MCT zone. White mica forms thick aggregates parallel to the foliation (XPL). (d) Garnet with folded inclusion trails (ilmenite, quartz, allanite) in the Himalayan metamorphic core. A partial corona rich in chlorite also contains minute crystals of xenotime (PPL). (e) The dominant white mica population (Wm1) in sample JK-48 is paragonite-rich and lies parallel to the foliation (dark grey), whereas a second muscovite-rich population (Wm2) is larger and clearly cross-cuts the foliation (pale grey) (BSE). (f) Coarse, thick flakes of white mica define the main foliation and smaller flakes outline a previous foliation rarely preserved in microlithons (labelled m). Note the well-developed grain boundary migration (GBM) microstructure in quartz-rich pods (PPL). (g) Sigmoidal inclusion trails (ilmenite, quartz, and monazite) in garnet indicating a top-to-the-NE sense of shear during garnet growth in the STD zone, assuming that garnet has rotated with respect to the foliation. Garnet is partially replaced by chlorite and xenotime (BSE). (h) In sample JK-45, a first generation of white mica (Wm1) is paragonite-rich and forms thin flakes parallel to the foliation (dark grey), while a second generation (Wm2) is muscovite-rich and forms coarse flakes parallel to and cross-cutting the foliation (pale grey) (BSE). (i) Sigmoidal inclusion trails in garnet suggesting a top-to-the-NE sense of shear during garnet growth in the South Tibetan detachment (STD) zone, assuming that garnet has rotated with respect to the foliation (PPL). (j) Shear bands defined by white mica and biotite imply mica growth prior to and/or during shearing along the STD (XPL). (k) Crenulated inclusion trails (ilmenite, quartz, and allanite) in garnet from the STD zone (axial planes outlined with grey dashed lines labelled a.p.). Top-to-the-SW shear bands in the matrix suggest a sense of shear opposite to the top-to-the-NE sense of shear observed in rocks immediately above and below in the outcrop (BSE). (l) White mica disseminated in a quartz arenite at the base of the TSS. Note that quartz is dynamically recrystallized by grain boundary migration, a microstructure common in quartz-rich rocks from the upper part of the MCT zone up to the base of the TSS (XPL)
shear. However, rare garnet grains contain inclusion trails with several inflexion points, indicating that it more likely overgrew a crenulation fabric (Figure 3k ). Garnet is wrapped by the matrix foliation defined by white mica (100-200 μm diameter), biotite, chlorite, and elongate quartz and plagioclase grains. The matrix is deformed by top-to-the-SW shear bands in areas particularly rich in mica (Figure 3k ), which suggest a sense of shear opposite to the top-to-the-NE sense of shear observed in rocks immediately above and below in the outcrop, and indicated by quartz crystallographic <c>-axis preferred orientations in a quartzite~175 m structurally lower (Soucy La Roche, Godin, & Crowley, 2018) .
Sample JK-98 was collected at the base of the TSS in the immediate hangingwall of the STD (i.e.,~50 m structurally above the upper boundary of the STD zone) on the south flank of the Jajarkot klippe along the east-central transect (Mādī Kholā, Figure 2 ). Sample JK-98 is dominated by quartz with minor white mica and accessory Pl+Tur+Zrn+Opq. White mica is fine-grained (200-300 μm diameter), disseminated parallel to the foliation in the matrix or concentrated along foliation-parallel bands (Figure 3l ). Quartz is deformed dynamically by grain boundary migration and statically by grain boundary area reduction, but yields randomly oriented quartz crystallographic <c>-axis orientations (Soucy La Roche, Godin, & Crowley, 2018) .
| PHASE EQUILIBRIUM MODELLING
| Methods
Thin sections were scanned using a mineral liberation analyser 650 field emission gun environmental scanning electron microscope (MLA 650 FEG ESEM; Fandrich, Gu, Burrows, & Möller, 2007) at Queen's University in Kingston to identify matrix minerals and inclusions in porphyroblasts, and complement textural observations. The chemical composition of garnet, plagioclase, biotite, and white mica was measured using wavelength dispersive spectrometry on a JEOL JXA-8230 electron microprobe at Queen's University. Chemical zoning in garnet was assessed with rim to rim transects across garnet, and with X-ray Fe, Mg, Mn, and Ca maps on selected grains. Details on operating conditions, standards and corrections can be found in Appendix S1. Isochemical phase diagrams were calculated in the system MnNCKFMASH (TiO 2 added for samples JK-48 and JK-45) with bulk rock chemical compositions modified from XRF analyses (Table S1 ). Thermodynamic calculations were conducted with the software Perple_X 6.7.3 (Connolly, 1990 (Connolly, , 2005 (Connolly, , 2009 ) and the internally consistent and updated thermodynamic database tc-ds55 of Holland and Powell (1998, revised 2004) . Details on mineral solid solutions, water content, and bulk rock chemical compositions are presented in Appendix S2.
| Major mineral chemical composition
The chemical compositions of garnet, biotite, white mica, and plagioclase were characterized for JK-16, JK-22, JK-48, JK-45, and JK-29 before phase equilibrium modelling. The zoning and trends in composition for most minerals are similar between samples and are therefore described together. The complete data set with chemical compositions from individual analyses is presented in Table S2 .
In all samples, garnet yields a growth zoning profile characterized by an increase in X alm and X prp and a decrease in X sps from core to rim. X grs is homogeneous throughout the core and decreases at the rim (Figure 4) . In JK-48, one garnet grain displays a slight decrease in X prp compensated by an increase in X sps at the rim, possibly indicating a local Fe-Mg exchange with biotite during retrograde metamorphism (e.g., Spear & Florence, 1992) . In all garnet, the chemical zoning profile is consistent with only one episode of garnet growth (e.g., Tracy, Robinson, & Thompson, 1976) .
Biotite composition is homogenous within each sample. Plagioclase composition varies between samples, but is typically albite-rich (<An 20 ) and displays an increase in Na from core to rim (JK-16, JK-22, and JK-29). In samples JK-48 and JK-45, plagioclase is homogenous and almost pure albite (~An 1-3 ).
| Results
Isochemical phase diagrams calculated with unmodified chemical compositions representing the effective bulk rock composition during prograde metamorphism have a similar topology for the different samples in the P-T window modelled ( Figure 5a and Figure S1 ; 450-700°C, 400-1,200 MPa). Garnet is typically stable above 400 MPa except at <500°C in a few samples. Biotite is stable throughout except at high pressure and low temperature (>1,000 MPa; <525°C). White mica reacts out towards high temperature and low pressure. Chlorite reacts out above 500-600°C. Plagioclase is unstable at low temperature and high pressure but the plagioclaseout reaction varies in P-T space from sample to sample. K-feldspar is restricted to high temperature and low pressure. Rutile is stable at moderate to high pressure below 550°C, at high pressure only between 550 and 600°C, and at moderate to high pressure above 600°C (modelled only in samples JK-45 and JK-48). Ilmenite is stable on the low pressure side of the ilmenite-rutile transition. Kyanite is stable above 650°C and 600 MPa. Staurolite is stable in a small subsolidus P-T window from 575 to 650°C and 400 to 800 MPa. Cordierite is restricted to low pressure (<600 MPa). The solidus is located between 650 and 700°C.
The isochemical phase diagrams calculated with the chemical composition modified for garnet fractionation (effective bulk rock composition during peak metamorphism) have a similar topology compared to those calculated with the unmodified prograde composition (Figures 5c,e,g and 6a,c). The most noticeable difference is a shift of the garnet-in reaction towards higher P-T conditions. The stability fields of minerals in our isochemical phase diagrams are reasonable and in general agreement with other published isochemical phase diagrams (Figures 5 and 6 and Figure S1 ; e.g., Iaccarino, Montomoli, Carosi, Massone, et al., 2017 using Perple_X; White, Powell, & Johnson, 2014 using THERMOCALC).
The P-T conditions were determined using all four garnet compositional isopleths (X alm , X prp , X sps , and X grs ). The composition of the core of the largest garnet (with the highest MnO) and a range of compositions from multiple garnet rims were used to calculate prograde and peak P-T points respectively. Results are presented with increasing structural height above the MCT, irrespective of the flank position of the sample. Sample JK-16 was collected at the top of the MCT zone on the south flank; samples JK-22 and JK-48 in the middle of the HMC on the south and north flanks respectively; and samples JK-45 and JK-29 at Figure S1 the base and in the middle of the STD zone on the north and south flanks respectively.
In sample JK-16, compositional isopleths from the core and rim of garnet intersect at 545°C and 730 MPa, and 580°C and 960 MPa respectively (Figure 5a-d) . In sample JK-22, compositional isopleths from the core and rim of garnet intersect at 525°C and 720 MPa, and 570-580°C and 900-920 MPa respectively (Figure 5e, f and Figure S1a, b) . Garnet core and rim compositional isopleths intersections for samples JK-16 and JK-22 all fall within the stability field of Grt+Bt+Ms+Chl+Qz+Pl.
In sample JK-48, compositional isopleths from the core of garnet intersect at 560-580°C and 650-750 MPa in the stability field of Grt+Bt+Pg+Chl+Qz+Pl+Ilm (Figure 5g , and Figure S1b ,c). Compositional isopleths from the rim of garnet in sample JK-48 intersect tightly at 600°C, but are subvertical and almost parallel, only constraining the pressure loosely to 950-1,200 MPa (Figure 5g,h ). They intersect in the stability field of Grt+Bt+ Pg+Chl+Qz+Ab+Ilm.
In sample JK-45, compositional isopleths from the core and rim of garnet intersect at 560-575°C and 800-880 MPa, and 590°C and 900 MPa respectively (Figure 6a, b and Figure S1e, f) . Garnet core and rim compositional isopleths intersection fall in the stability field of Grt+Bt+Pg+Chl+Qz+Pl+Ab+Ilm.
In sample JK-29, compositional isopleths from the core and rim of garnet intersect at 520-530°C and 590-610 MPa, and 555-560°C and 750-780 MPa respectively (Figure 6c,d and Figure S1g ,h). Garnet core and rim compositional isopleths intersections fall within the stability field of Grt+Bt+Ms+Chl+Qz+Pl.
| Interpretation
Prograde conditions calculated with compositional isopleths from the core of garnet intersect 0-50°C and 0-250 MPa above the garnet-in reaction (Figure 5b and Figure S1 ), which suggests that they represent the composition of garnet during or shortly after initial crystallization. Intersection of garnet core isopleths above the garnet-in reaction could be the result of an off-centre cut through garnet, such that the core compositions used here are from the outer core of the garnet instead of the true core. Peak P-T points yield systematically higher pressure and temperature compared to the prograde P-T points (Figures 5 and 6 ), implying a burial and heating prograde path in all samples. In addition, this prograde path is roughly parallel to X grs isopleths, consistent with the limited zoning in X grs from core to rim (Figure 4) . Samples JK-16 and JK-22 from the upper part of the MCT zone and the middle of the HMC on the south flank of the klippe, respectively, yield equivalent peak P-T conditions of 900-950 MPa and 570-580°C. Sample JK-29, collected within the STD zone along the same transect, yields the lowest peak P-T conditions of 750-780 MPa and 555-560°C. The two samples from the middle of the HMC and the STD zone on the north flank of the Jajarkot klippe, JK-48 and JK-45, yield the highest temperatures (600 and 590°C respectively). The peak pressure in JK-48 might be higher than in other samples, but it is not precisely constrained due to the small angle between the four types of compositional isopleths (950-1,200 MPa). Peak pressure in sample JK-45 is similar to that of other samples (900 MPa). Peak P-T conditions on both flanks of the klippe appear to be slightly lower in the STD zone compared to the middle of the HMC, although the difference is subtle (~150-200 MPa, 10-25°C; compare JK-29 to JK-22 and JK-45 to JK-48).
The retrograde path did not involve isothermal decompression because staurolite is predicted to be stable at peak temperature and lower pressure, and no evidence for staurolite crystallization is observed in any sample. Samples JK-48 and JK-45 yield additional constraints on the shape of the retrograde P-T path because they exhibit evidence for retrograde metamorphism such as late flakes of muscovite that cross-cut the foliation, chlorite coronas around garnet, and ilmenite that is partially replaced by rutile.
In sample JK-48, the composition of the dominant foliation-parallel white mica population is consistent with the predicted paragonite-rich composition of the modelled white mica at peak P-T conditions. Muscovite is predicted to be stable at lower temperature (below 550-500°C) and could grow on the retrograde path during cooling, consistent with the lack of orientation of the muscovite flakes and their clear cross-cutting relationship with foliation-parallel paragonite (Figure 3e ). Furthermore, cooling towards the muscovite stability field would increase the proportion of chlorite from~5 to 15-20%, which is supported by the partial chlorite-rich coronas around garnet (Figure 3d ) that formed on the retrograde path. The absence of rutile in the matrix or replacing ilmenite suggests that the retrograde path did not cross the rutile stability field, implying a component of decompression (Figure 5h) .
In sample JK-45, the modelled chemical composition of the stable mica at the peak P-T conditions indicated by garnet isopleths is paragonite-rich, inconsistent with the muscovite-rich measured composition of the dominant white mica population. Paragonite is nonetheless preserved as foliation-parallel flakes disseminated in the matrix. It is possible that paragonite was the stable white mica during peak metamorphism and that it was partially replaced by randomly oriented muscovite during retrograde metamorphism. The muscovite grains parallel to the foliation could be relicts of a prograde generation, or could also be part of the retrograde assemblage. Muscovite is predicted to be stable at lower temperature (below 550-500°C), where chlorite is more abundant (13-17% vs. 3-6% at peak P-T conditions) and rutile replaces ilmenite. Muscovite crosscutting the foliation, chlorite-rich coronas around garnet, and rutile in the matrix replacing ilmenite (and no rutile inclusions in garnet) support a cooling path interpretation (Figures 3g,h and 6b) . Decompression is not necessary to explain the observed retrograde textures, but may have facilitated the reactions because they occur at higher temperature at lower pressure. Cottle, & Lederer, 2015) . U-Th/Pb isotope ratios were measured on a Nu Plasma HR multicollector ICPMS and trace elements concentrations (U, Th, Pb, Ca, Y, La-Lu except Pm) were measured on an Agilent 7700S quadrupole ICPMS. Details on monazite and xenotime selection, scanning electron microscope, electron microprobe and LASS conditions, data reduction, and reproducibility of primary and secondary reference monazites can be found in Appendix S3. All uncertainties in 208 Pb/
| U-
232
Th dates (monazite) and 206 Pb/ 238 U dates (xenotime), quoted at 2σ below, include contributions from the external reproducibility of the primary reference monazite. We use the terms "date" and "age" to refer to results and their interpretation in a tectonometamorphic context respectively.
| Results
In all three samples (JK-48, JK-45, and JK-99), monazite is generally elongate (aspect ratio of 2:1-5:1 except for a few round grains) and 15 to 200 μm long. Monazite occurs mostly in the matrix, where it is oriented parallel to the foliation, and as rare inclusions in garnet. Xenotime is rare, typically small (<10 μm), and situated in the matrix of all three samples. Few xenotime grains sufficiently large for analysis (15-40 μm) were identified in JK-48 and JK-45. In both JK-48 and JK-45, xenotime occurs as anhedral grains with jagged edges in chlorite-rich coronas around garnet (Figure 3d,g ). In sample JK-45, xenotime also occurs as subhedral round to elongate grains included in quartz. Dates and trace element compositions are presented in Figure 7 . Complete results are presented in Table S3 , locations of monazite and xenotime grains in thin section in Figure S2 , and compositional X-ray maps in Figure S3 . Results are presented with increasing structural height above the MCT, irrespective of the flank position of the sample. Sample JK-48 was collected in the middle of the HMC on the north flank, sample JK-45 at the base of the STD zone on the north flank, and sample JK-99 at top of the STD zone on the south flank. 
| 253
In sample JK-99, 52 spots on eight monazite grains yield Cenozoic dates between 25.9 ± 0.6 Ma and 22.5 ± 0.5 Ma. One monazite grain yields dates between 24.5 and 23 Ma and occurs in direct contact with a groove in garnet, indicating that it is partially included in garnet or that it grew following minor garnet resorption. In general, Y and Gd/Yb increase and decrease, respectively, with younging dates.
| Interpretation
Acquisition of trace element data and U-Th/Pb isotope ratios combined with petrographic observations and structural context interpretation (petrochronology) enables direct correlation between dates, chemical composition, and growth conditions (e.g., Braden, Godin, & Cottle, 2017; Cottle et al., 2009; Gibson, Carr, Brown, & Hamilton, 2004; Hermann & Rubatto, 2003; Larson et al., 2013; Mottram et al., 2014; Regis, Warren, Mottram, & Roberts, 2016; Soucy La Roche, Godin, Cottle, et al., 2018; Soucy La Roche et al., 2016) . Garnet and xenotime are the primary sinks for Y and HREE in metapelite, and both these minerals occur in the three samples dated. In general, monazite growing during or after garnet or xenotime growth should yield high Gd/Yb (a proxy for HREE abundance) and low Y content, whereas monazite growing during or after garnet or xenotime breakdown should have a low Gd/Yb and high Y content (Bea, Pereira, & Stroh, 1994; Spear & Pyle, 2002; Zhu & O'Nions, 1999) . Because garnet and xenotime may not grow and break down at the same time and under the same P-T conditions, trace element patterns in monazite must be carefully evaluated along with microtextures-such as inclusions in garnet versus in the matrix-to attribute trace element content variations to the appropriate metamorphic reactions. In general, xenotime will react out during garnet crystallization and may be produced following garnet breakdown (Spear & Pyle, 2002) . Based on our phase equilibrium modelling, garnet grows with increasing temperature and/or pressure along the prograde path (except at the staurolite-in reaction, where garnet may breakdown) and is consumed with decompression and/or cooling along the retrograde path.
In sample JK-48 from the middle of the HMC, a single monazite inclusion dated at 26-25 Ma provides a maximum age constraint for the crystallization of the rim of garnet. The garnet core, however, may have crystallized before the oldest monazite (27 Ma) because it contains abundant inclusions of allanite, suggesting that it grew under allanite-stable conditions (e.g., Goswami-Banerjee & Robyr, 2015; Spear, 2010) . If monazite crystallized after garnet started to grow, then high Y and low Gd/Yb domains in the core of a few monazite grains must be the result of Y and HREE release during the breakdown of another phase such as xenotime. The two 18 Ma dates yielded by a xenotime grain in a chlorite-rich corona around garnet indicate that retrograde metamorphism was occurring at that time.
The oldest monazite (44-33 Ma) in sample JK-45 from the base of the STD zone grew concurrently with 42-38 Ma xenotime preserved in a non-reactant phase (quartz), which suggests that prograde metamorphism in the Jajarkot klippe was occurring at that time. Because xenotime is neither apparently stable in the matrix nor included in garnet, it is interpreted to have reacted out before or during garnet crystallization. Monazite and xenotime thus likely began to crystallize prior to garnet, which was crystallizing between 27 and 26 Ma based on the youngest dates from monazite inclusions in the core and rim of garnet respectively. The ages of these inclusions also imply that STD-related top-to-the-NE shearing was ongoing at 27-26 Ma because they are part of sigmoidal inclusion trails. Shearing may have started earlier than 27 Ma, and ended later than 26 Ma. The minor increase in Y in 28-25 Ma monazite compared to >33 Ma monazite in the matrix is explained by the release of Y during xenotime breakdown, whereas the increase in Gd/Yb in 28-25 Ma monazite is explained by the sequestration of HREE in garnet. The local partitioning of Y and HREE in garnet is well illustrated by the lower Y and higher Gd/Yb of monazite included in garnet compared to coeval monazite in the matrix. The lower Y and higher Gd/Yb in <25 Ma monazite is consistent with post-garnet crystallization. The 18 Ma date yielded by a xenotime grain in a chlorite-rich corona around garnet indicates that retrograde metamorphism occurred synchronously in JK-45 and JK-48.
Monazite dates in JK-99 collected at the top of the STD zone span a small range (26-23 Ma), but show a distinct increase in Y and decrease in Gd/Yb with younging dates. A single monazite that yields dates ranging from 24.5 to 23 Ma appears to be partially included in garnet and may indicate that the garnet rim is younger than 23 Ma. Alternatively, this monazite grain may have crystallized next to garnet after minor garnet resorption. We prefer the latter interpretation because it explains the increase in Y and decrease in Gd/Yb in this grain compared to older grains. In addition, inclusions of allanite are common in the core and outer mantle of garnet, suggesting that garnet grew mostly below the allanite-to-monazite transition (e.g., Goswami-Banerjee & Robyr, 2015; Spear, 2010) , and thus before the crystallization of the oldest monazite at 26 Ma. Garnet in sample JK-99 is likely equivalent in age to garnet in samples JK-45 and JK-48, suggesting that peak P-T conditions were attained at c. 25 Ma in all three samples investigated.
|
4 0 Ar/ 3 9 Ar GEOCHRONOLOGY
| Methods
The 40 Ar/ 39 Ar step-heating experiments were performed on single-and double-grain aliquots of white mica (250-1,000 μm in diameter) using a Photon Machines CO 2 laser and Nu Instruments Noblesse multicollector mass spectrometer at the Geological Survey of Canada, Ottawa. Mineral separation, sample preparation, irradiation, analytical conditions, and data reduction procedures are described in Appendix S4. Specific grain sizes and numbers of grains per aliquot are presented in Table S4 . Uncertainties are reported at the 2σ level. Plateau dates are defined using the following criteria: at least three consecutive steps that are within 2σ error of each other and that together comprise at least 50% of the total 39 Ar released. We performed stepheating experiments specifically to assess potential intracrystalline age heterogeneity, commonly observed in sheared and metamorphic rocks (e.g., Cosca, Stünitz, Bourgeix, & Lee, 2011; Mulch, Cosca, & Handy, 2002; Wijbrans & McDougall, 1986) .
| Results
The 40 Ar / Step-heating results for samples JK-11, JK-184, JK-167B, and JK-98 are presented in Figure 8 and described below in structural order from the MCT to the TSS. The complete data set for these four samples is reported in Table S4 , and additional step-heating date spectra with Cl/K and Ca/K and inverse isochrons are presented in Figure S4 . In sample JK-11 collected at the base of the MCT zone, the step-heating spectra of single-grain aliquots 1 and 2 are staircase-shaped with minima at 25 ± 2 Ma and 22 ± 1 Ma for the low-T steps and maxima at 54 ± 1 Ma and 41 ± 2 Ma for the high-T steps respectively. In sample JK-184 collected at the top of the MCT zone, stepheating of double-grain aliquot 1 yielded a 21.4 ± 0.4 Ma plateau date (100% 39 Ar released), equivalent to the 21.2 ± 0.5 Ma inverse isochron date. In sample JK-167B collected in the immediate footwall of the STD zone, step-heating of single-grain aliquot 1 yielded a 26.1 ± 0.4 Ma plateau date (85.9% 39 Ar released), equivalent to the 26.1 ± 0.4 Ma inverse isochron date.
Stepheating results from single-grain aliquot 2 do not form a plateau, but six evenly distributed steps comprising 100% of the released 39 Ar vary between 27.0 and 24.7 Ma and yield a 26.4 ± 0.4 Ma inverse isochron date and a 26.4 ± 0.3 Ma integrated date. In sample JK-98 from the TSS, the step-heating spectrum of double-grain aliquot 1 steps upward from 19 ± 2 Ma at the lowest temperature step to 28.3 ± 0.4 at the highest temperature step. The bulk of the released 39 Ar (steps D-H; 82.4%) yields a weighted average date of 27.5 ± 0.7 Ma.
| Interpretation
The 40 Ar/ 39 Ar systematics of metamorphic white mica, especially in sheared rocks, can be complex and challenging to interpret because of the potential for inheritance, partial thermal resetting, deformation-induced 40 Ar loss, interaction with fluids, and incorporation of excess 40 Ar (e.g., Mottram, Warren, Halton, Kelley, & Harris, 2015) . Since this study is not focused on the understanding of 40 Ar/
39
Ar systematics, we have concentrated on samples that yielded results that are relatively straightforward to interpret (i.e., JK-11, JK-184; JK-167B; JK-98).
Because the two white mica populations in samples JK-48 and JK-45 (muscovite and paragonite) may have formed booklets of comparable size after crushing, it was not possible to achieve a pure muscovite separate, and step-heating experiments showed low Ar yields with inconclusive and irreproducible results, likely due to analysis of paragonite.
Step-heating analysis of white mica separates from samples JK-16 and JK-29 yielded highly heterogeneous step-heat spectra for which it was not possible to interpret ages, and which are not considered further. An extensive discussion on 40 Ar/ 39 Ar data from samples JK-16, JK-48, JK-45, and JK-29 is available in Soucy La Roche (2018).
| Timing constraint on the MCT
In sample JK-11, located at the base of the MCT zone, white mica is coarse-grained (~1,000 μm diameter), defines a strong foliation offset by top-to-the-SW shear bands, and displays undulose extinction, implying a pre-to syn-kinematic growth (Figure 3a) . The temperature of deformation during top-to-the-SW shearing is estimated to be 475°C based on a quartz crystallographic <c>-axis preferred orientation fabric in an adjacent sample (Soucy La Roche, Godin, & Crowley, 2018) . This temperature of deformation is consistent with partial retention of argon in prograde white mica, as well as deformation-induced loss of 40 Ar below the ideal closure temperature for white mica (470-490°C for a 500 μm radius grain at −25 to −100°C/Ma cooling rate and 0. Heizler, 2009 ). The older dates in the step-heating spectra reflect inherited components that are partially reset (e.g., Cheilletz et al., 1999; Cosca et al., 2011; Long et al., 2012; Wijbrans & McDougall, 1986) , but because dates are progressively older in higher temperature steps, they can only tentatively indicate that initial white mica crystallization started at >50-40 Ma. The minimum at 22 ± 1 Ma on the date spectrum of aliquot 2 suggests that deformation-induced 40 Ar loss occurred at, or after, 22 ± 1 Ma (e.g., Forster & Lister, 2004; Heizler, Ralser, & Karlstrom, 1997) . It is possible, however, that MCT-related deformation started before that time, such that the minimum at 22 ± 1 Ma represents a time during which deformation was active, but does not necessarily provide a minimum or maximum bracket on the age of deformation (e.g., Kellett et al., 2016 ).
| Timing constraint on the STD
White mica in sample JK-98 is fine-grained (200-300 μm diameter), straight, parallel to the foliation and displays uniform extinction, attesting to growth prior to or synchronous with fabric development (Figure 3l ). Quartz is recrystallized dynamically by grain boundary migration at >500°C and statically by grain boundary area reduction (not indicative of a specific temperature). This quartz arenite unit has been interpreted to belong to the TSS in the hangingwall of the STD zone because it lacks shear-sense indicators and yields randomly oriented quartz crystallographic <c>-axis orientations (Soucy La Roche, Godin, & Crowley, 2018) . No low-T deformation textures such as quartz bulging or subgrain rotation, brittle fractures, or kinked mica flakes were observed. Even though the temperature of quartz recrystallization (>500°C) is higher than Ar step-heating date spectra. Error bars for individual steps are 2σ. MSWD: mean square of weighted deviates, n: number of steps in the plateau date; Int. date: integrated date the closure temperature for argon diffusion in white mica (420-450°C for a 100-150 μm radius grain at −25 to −100°C/Ma cooling rate and 0.5 GPa), the staircase-shaped step-heating date spectrum is not typical of volume diffusion under a relatively fast cooling rate, but rather shows evidence for 40 Ar loss resulting from a different scenario (discussed below; e.g., Cosca et al., 2011; Wijbrans & McDougall, 1986 ). White mica is interpreted to have grown prior to or during fabric development at >500°C, i.e., above the isotopic closure temperature for argon diffusion in white mica. The 27.5 ± 0.7 Ma weighted average of the five high-T steps that comprise 82.4% of the released 39 Ar could therefore represent a cooling age. Alternatively, this weighted average could represent a crystallization age, because white mica may not expel all radiogenic argon during short metamorphic cycles just above the model isotopic closure temperature (e.g., Mottram et al., 2015; Warren, Hanke, & Kelley, 2012) . The older steps therefore indicate that white mica crystallized before or at c. 28 Ma. Juxtaposition of the TSS with the underlying hot HMC along the STD could have driven white mica crystallization at c. 28 Ma in sample JK-98, consistent with 27-26 Ma syn-kinematic inclusions of monazite in garnet from the STD zone (sample JK-45). However, we cannot rule out the alternative that white mica crystallized during crustal thickening in the TSS prior to the activation of the STD. The younger dates from low-T steps point to 40 Ar loss that occurred at or after 19 ± 2 Ma. The 40 Ar loss could be the result of syn-deformation recrystallization (e.g., Dunlap, 1997) , diffusional argon loss from variably deformed domains in white mica grains (e.g., Cosca et al., 2011; Mulch & Cosca, 2004; Mulch et al., 2002) , interaction with a fluid phase (e.g., Villa, 2010) , partial thermal resetting above the isotopic closure of white mica (e.g., De Jong, Wijbrans, & Féraud, 1992; Wijbrans & McDougall, 1986) , or a combination of these factors. Given the proximity of the sample to a major shear zone, all these possibilities are plausible and must be evaluated. Sample JK-98 does not contain evidence for high-or low-temperature top-to-the-NE shearing based on quartz crystallographic <c>-axis orientations and microstructure (Soucy La Roche, Godin, & Crowley, 2018) . White mica is generally straight, displays uniform extinction, and no kinked mica flakes are present, which suggest negligible dynamic recrystallization or low-T deformation of white mica. The chemical composition of the gas released during the low-T and the high-T steps are similar, as evidenced by the Ca/K and Cl/K plots ( Figure S4 ). Although we cannot rule out the possibility that white mica interacted with a fluid that did not alter its Ca and Cl contents, the homogeneous chemical composition does not support this interpretation. Our preferred interpretation is that white mica lost radiogenic argon by partial thermal resetting when the base of the TSS was juxtaposed against warmer HMC units along the STD. If this tentative interpretation is correct, the STD was still active at 19 ± 2 Ma.
| Post-kinematic cooling of the HMC
Samples JK-167B and JK-184 are from the immediate footwall of the STD zone and the upper part of the MCT zone respectively. White mica is medium-(500-600 μm diameter; JK-167B) and fine-grained (250-400 μm diameter; JK-184), straight, oriented parallel to the foliation and displays uniform extinction, suggesting a pre-to syn-kinematic origin (Figure 3c,f) . The temperature of deformation is estimated to be 500-630°C based on quartz dynamic recrystallization by grain boundary migration (Soucy La Roche, Godin, & Crowley, 2018) , which is consistent with the peak metamorphic assemblage comprising Grt+Wm+Bt+Qz+Pl. Other samples from equivalent structural levels yield peak metamorphic temperatures between 550 and 600°C. No lower temperature deformation microstructures such as quartz bulging or subgrain rotation, brittle fractures, or kinked mica flakes were observed. These observations all suggest that deformation occurred above the closure temperature for argon diffusion in white mica (425-470°C for a 125-300 μm radius grain at −25 to −100°C/Ma cooling rate and 0.5 GPa), and that these samples did not experience significant post-cooling deformation that could have induced 40 Ar loss via intragrain deformation or recrystallization (e.g., Cosca et al., 2011; Kellett et al., 2016) . The homogeneity of the step-heating spectra is also consistent with argon diffusion models in white mica and available P-T-t constraints (e.g., Warren et al., 2012) . At the most,~15% of radiogenic argon could be retained in a 500 μm grain (diameter) for a short (0.5 Ma) residence time at 550°C and 1,000 MPa (Warren et al., 2012) . This proportion decreases to 0% if peak temperature increases to 600°C for 0.5 Ma or if residence time at 550°C increases to 2 Ma (Warren et al., 2012) . The 40 Ar / The Jajarkot klippe is located in the Himalayan foreland, 75 km south of the main hinterland-positioned exposures of the HMC, and as such may provide important insights on the early mid-crustal evolution of the Himalayan orogen (e.g., Soucy La Roche, . However, the extent of a pre-Himalayan metamorphic event, as recognized in other klippen in the central Himalaya (e.g., Gehrels et al., 2006a Gehrels et al., , 2006b Joshi & Tiwari, 2009 ), must first be evaluated. Field mapping in the Jajarkot klippe did not reveal any evidence of pre-Himalayan metamorphism. Granitic intrusions are only present within the basal top-tothe-SW shear zone in the western part of the klippe (Figure 2) . This undated augen gneiss unit is strongly sheared, as compared to the undeformed Cambro-Ordovician granites observed in the Kathmandu klippe (Gehrels et al., 2003 (Gehrels et al., , 2006a Stöcklin, 1980) and in the Dadeldhura Klippe (Gehrels et al., 2006b; Kaphle, 1992) . No evidence for contact metamorphism near the augen gneiss was observed, as compared to the Almora granite in the Almora klippe (Joshi & Tiwari, 2009; Joshi et al., 1994) . As such, the augen gneiss unit cannot be used to support (or refute) a pre-Himalayan metamorphic event.
The regional tectonic fabric and the metamorphic isograds are parallel to the MCT and the STD throughout the HMC in the Jajarkot klippe (Figure 2) . Furthermore, all garnet-bearing samples display evidence for only one phase of garnet growth, based on inclusion patterns and chemical growth zoning. There is no evidence that regional metamorphism could have occurred prior to Himalayan deformation and been overprinted by Cenozoic metamorphism only within the basal MCT zone (cf. the Almora klippe; Joshi & Tiwari, 2004 , 2009 .
All monazite and xenotime dated in this study yield Cenozoic dates ranging from the Eocene to the early Miocene. In contrast to the findings of Gehrels et al. (2006a) in the Kathmandu klippe, there are no Cambrian monazite inclusions in garnet that could indicate a pre-Himalayan metamorphic event in the Jajarkot klippe. The only date that may not be directly related to the Himalayan orogeny is recorded by white mica in sample JK-11, which has a tentative crystallization age of >50-40 Ma and shows partial recrystallization during the early Miocene. However, this date could represent an early Eocene prograde metamorphic age or a pre-Himalayan detrital age and is by no means an indication of a defined pre-Himalayan metamorphic event.
In summary, field mapping and geochronological data suggest that either the HMC in the Jajarkot klippe was not affected by pre-Himalayan metamorphism or that any subgarnet zone pre-Himalayan metamorphism was pervasively overprinted by higher metamorphic grade conditions during the Cenozoic. Tectonometamorphic data from the Jajarkot klippe can therefore be used to describe the evolution of the tip of the HMC during the Himalayan orogeny.
| P-T-t-D evolution
Peak P-T conditions in the HMC reached 750-950 MPa and 555-580°C on the south flank of the klippe and slightly higher conditions of 900-1,200 MPa and 590-600°C on the north flank (Figures 9 and 10) . The density of quantitative data is currently insufficient to characterize any significant variations in peak P-T conditions within the HMC, but peak P-T conditions appear to decrease slightly from the middle of the HMC to the STD zone. The absence of garnet in metapelitic schist towards the base of the MCT zone marks a decrease in metamorphic conditions on both flanks of the klippe, although quantitative constraints are not available. Our newly obtained peak metamorphic temperatures are significantly higher than those calculated by Sharma and Kizaki (1989) for HMC samples using garnet-biotite Fe-Mg exchange thermometry (400-475°C; Figure 10 ). However, peak temperatures of 550-600°C presented here are consistent with pervasive dynamic recrystallization of quartz by grain boundary migration (>500°C; Stipp, Stünitz, Heilbronner, & Schmid, 2002a , 2002b and quartz crystallographic <c>-axis preferred orientation thermometry results of 550-650°C in quartzite layers adjacent to or at structural levels equivalent to samples used for phase equilibrium modelling (Figure 10 ; Soucy La Roche, Godin, & Crowley, 2018) .
Garnet-bearing schists from the upper part of the MCT zone up to the STD yield a burial and heating prograde path followed by a hairpin retrograde path (Figure 9 ). 
MCT
Postulated P-T-t paths F I G U R E 9 Summary of prograde and peak P-T conditions constrained with garnet compositional isopleths intersections for all samples from the Jajarkot klippe. Arrows indicate the interpreted P-T-t paths of the samples based on garnet core and rim composition isopleths intersections (prograde path, all samples) and on metamorphic reactions (retrograde path, JK-45 and JK-48). Solidus from sample JK-16 and Al 2 SiO 5 triple-point from Pattison (1992) Sigmoidal inclusion trails in garnet from the HMC, which suggest a top-to-the-SW sense of shear during garnet growth assuming that garnet has rotated with respect to the foliation (e.g., JK-22, JK-184), are consistent with burial during southwards thrusting and crustal thickening. Garnet from samples collected in the STD zone (e.g., JK-29 and JK-45) contains opposite-sense sigmoidal inclusion trails (Figure 3g,i) . Assuming that garnet rotated with respect to the foliation, this microstructure suggest that garnet grew synchronously with top-to-the-NE shearing along the STD while pressure increased by 50-165 MPa, roughly equivalent to 2-6 km of overburden. Timing constraints on prograde, peak, and retrograde metamorphism are available directly for the north flank (samples JK-45 in the STD zone and JK-48 in the middle of the HMC). Monazite and xenotime grains in the matrix indicate pre-garnet crystallization beginning as early as 44 Ma, whereas garnet crystallization occurred from <27 to 25 Ma (Figures 9 and 10 ). Retrograde metamorphism (cooling and decompression) that produced chlorite+xeno-time coronas around garnet occurred at 18 Ma. Although no quantitative P-T constraints are available for sample JK-99 in the STD zone of the south flank of the Jajarkot klippe, the garnet-in reaction was likely crossed prior to 26 Ma and peak conditions were probably attained c. 25 Ma, consistent with the timing of metamorphism recorded on the north flank of the klippe.
Index
The STD is interpreted to have been active at 27-26 Ma based on monazite in syn-kinematic inclusion trails in garnet from sample JK-45 (Figure 10) , which point to a top-to-the-NE sense of shear during garnet growth, assuming that garnet has rotated with respect to the foliation. In addition, the white mica 40 Ar/ 39 Ar post-kinematic cooling age from sample JK-167B indicates that deformation in the immediate footwall of the STD had ceased by c. 26 Ma. In contrast, the white mica 40 Ar/ 39 Ar step-heating spectrum of sample JK-98 tentatively indicates that deformation at the top of the STD zone was still ongoing at c. 19 Ma. Upward strain propagation within the STD zone has been described in the adjacent Karnali klippe (Soucy La Roche, and elsewhere in the Himalaya (e.g., Burchfiel et al., 1992; Cottle, Waters, Riley, Beyssac, & Jessup, 2011; Cottle et al., 2009; Iaccarino, Montomoli, Carosi, Montemagni, et al., 2017; Leloup et al., 2015) . The early activity of the STD at 27-26 Ma is interpreted to be syn-burial in the Jajarkot klippe, based on syn-kinematic garnet growth at increasing pressure. This suggests that the TSS in the Jajarkot klippe was not completely decoupled from the HMC and was being thickened by folding and thrust faulting (e.g., Godin, 2003; Kellett & Godin, 2009) when the STD was active. The absence of melt-weakened material in the Jajarkot klippe may have limited the degree of decoupling between the TSS and the HMC, even if the HMC was transported southwards with respect to the TSS (as explored in analogue modelling experiments with and without a weak layer below the STD in Godin, Yakymchuk, & Harris, 2011) . Subsequent deformation (25 to <19 Ma) along the STD in the Jajarkot klippe is associated with decompression and cooling of the HMC. The timing of deformation along the MCT is constrained by white mica 40 Ar/ 39 Ar geochronology results from JK-184 and JK-11, which were collected at the top and the base of the MCT zone respectively (Figure 10 ). The post-kinematic cooling age from sample JK-184 implies that deformation at the top of the MCT zone had ceased by c. 21 Ma. The base of the shear zone might have still been active at or after c. 22 Ma, as indicated by the date spectrum of sample JK-11. The onset of deformation along the MCT is not constrained. It is possible that deformation may have been active as early as 27 Ma, assuming that syn-kinematic garnet in the MCT zone grew synchronously with garnet in the overlying HMC (e.g., JK-48). However, this assumption is speculative and should be tested because metamorphism (and deformation) has been shown to propagate downward within the MCT zone (e.g., Kohn et al., 2001; Larson et al., 2013; Mottram et al., 2014) . These data suggest that the MCT and the STD were active simultaneously in the Jajarkot klippe for at least part of their deformation history.
| HMC "foreland-style" tectonometamorphic evolution during the Oligocene
New phase equilibrium modelling, U-Th/Pb petrochronology, and 40 Ar/ 39 Ar geochronology reveal that HMC rocks in the Jajarkot klippe were metamorphosed along subsolidus, short-lived, hairpin P-T-t-D paths. Such P-T-t-D paths resemble those of the lower HMC exposed to the north in the hinterland of the Himalaya and are consistent with burial and exhumation during footwall accretion to the growing metamorphic core (Figure 11 , e.g., Iaccarino, Montomoli, Carosi, Massone, et al., 2017; Kohn, 2008; Larson et al., 2013; Rapa, Groppo, Mosca, & Rolfo, 2016) . Protracted, suprasolidus clockwise P-T-t-D paths such as those observed in the upper HMC are not observed in any of the samples from the Jajarkot klippe. In the lower HMC in the hinterland of central and west Nepal, peak P-T increases from~600 MPa and 450°C to~1,000 MPa and~600°C with increasing height above the MCT (e.g., Kohn, 2008 Kohn, , 2014 Kohn et al., 2001; Larson et al., 2010; Parsons et al., 2016; Yakymchuk & Godin, 2012 and references therein). Peak metamorphic temperatures (555-600°C) in the HMC of the Jajarkot klippe are consistent with those near the top of the lower HMC in the hinterland. The disappearance of garnet in metapelitic schist towards the base of the HMC in the Jajarkot klippe is consistent with the decrease in peak metamorphic pressure and temperature observed in the hinterland. The decreasing temperature of deformation with decreasing structural height towards the MCT also supports this variation (Figure 10 ; Soucy La Roche, Godin, & Crowley, 2018) . The~150-200 MPa decrease in peak pressures from the middle of the HMC to the STD zone is inconsistent with data from the lower HMC in the hinterland, where decrease in pressure with increasing structural height above the MCT occurs only in the upper HMC. However, because of the lack of an overlying upper HMC layer (i.e., with protracted suprasolidus clockwise P-T paths) in the Jajarkot klippe, the two situations may not be perfectly comparable. It is possible that the lack of an inverted pressure gradient in the upper structural levels of the Jajarkot klippe HMC reflects the absence of upper HMC units. Based on the subsolidus, short-lived, hairpin P-T-t-D paths recorded in HMC rocks now exposed in the Jajarkot klippe, we interpret core (HMC) rocks now exposed in the Jajarkot klippe (blue circle) and in the hinterland (yellow diamond and red square for lower and upper HMC respectively). At c. 25, lower HMC material is interpreted to have been hundreds of km out of section on the Indian craton (therefore not displayed on the cross-section), and upper HMC material might have been farther northeast in the hinterland. The HMC in the Jajarkot klippe yield a short-lived, hairpin P-T loop similar to P-T loops that characterize the lower HMC in the hinterland, consistent with footwall accretion and crustal thickening. The HMC in the Jajarkot klippe does not show evidence for long-lived, clockwise P-T loops, typical of protracted metamorphism in deep orogenic hinterlands and commonly observed in the upper HMC in the Himalayan hinterland. Timing of peak metamorphism is 10-15 Ma older in the Jajarkot klippe than in the hinterland lower HMC, indicating that collisional processes active at the base of the HMC in the middle and late Miocene were also active at the tip of the HMC during the late Oligocene. See section text (Section 8. | 261 their evolution to have been dominated by footwall accretion and crustal thickening.
Even though the tectonometamorphic evolution of HMC rocks in the Jajarkot klippe is similar to that of the lower HMC in the hinterland, the driving mechanism may not have been the same. In the hinterland, burial metamorphism in the lower HMC is coeval with, and resulted from, overthrusting by high-grade upper HMC rocks with a protracted metamorphic history (e.g., Goscombe et al., 2018; Larson et al., 2013; Montomoli et al., 2013) . Such highmetamorphic grade units are absent in the Jajarkot klippe, and therefore could not have driven burial metamorphism. Furthermore, the timing of peak metamorphism in the Jajarkot klippe (c. 25 Ma) is significantly older compared to peak metamorphism in the lower HMC in the hinterland (15-8 Ma), but coeval with peak-T metamorphism of the upper HMC in the hinterland. Crustal thickening in the Jajarkot klippe is thus inferred to have resulted from folding and thrust faulting in the overlying TSS units that are now deeply eroded, and by crustal stacking within the HMC (Figure 11a ). The HMC rocks now exposed in the Jajarkot klippe thus represent the frontal-most section of the HMC, where footwall accretion and crustal thickening dominated the foreland propagation of the growing metamorphic core. The HMC therefore thickened by footwall accretion at its base during the middle to late Miocene, and also earlier, during the late Oligocene, at its front ( Figure 11 ).
| CONCLUSIONS
In contrast to other klippen in the central Himalaya that preserve a pre-Himalayan signature (e.g., Cawood et al., 2007; Gehrels et al., 2006a Gehrels et al., , 2006b Joshi & Tiwari, 2009) , the evolution of HMC rocks in the Jajarkot klippe is characterized by Cenozoic metamorphism and deformation. The earliest evidence of metamorphism is constrained to 44 Ma by xenotime and monazite interpreted to predate garnet growth. Garnet-grade metamorphism occurred between 27 and 25 Ma and peaked at 550-600°C and 750-1,200 MPa. Peak metamorphism was quickly followed by cooling and decompression along a hairpin-shaped P-T loop, while the HMC was translated southwards and exhumed between the MCT and the STD.
The tectonometamorphic evolution of HMC rocks in the Jajarkot klippe is similar to that of rocks exposed in the lower HMC in the hinterland, although the timing of metamorphism is 10-15 Ma earlier in the klippe. The new P-T-t-D data from the Jajarkot klippe reveal that the HMC was growing southwards by crustal thickening and footwall accretion in the foreland during the Oligocene, coeval with protracted high-T metamorphism in the hinterland. Appendix S1. Petrography and mineral chemistry methods. Appendix S2. Phase equilibrium modelling methods. Appendix S3. U-Th/Pb monazite and xenotime petrochronology methods.
Appendix S4. 40 Ar/ 39 Ar geochronology methods. Figure S1 . Isochemical phase diagrams calculated with prograde bulk rock chemical compositions for samples . Figure S2 . Backscattered electron images of thin sections with locations of analysed monazite and xenotime grains. Figure S3 . Backscattered electron images and chemical composition maps of monazite and xenotime with date spots in Ma. Figure S4 . Additional white mica 40 Ar/
39
Ar step-heating date spectra and inverse isochron plots. Table S1 . Bulk rock chemical compositions. Table S2 . Chemical composition of garnet, biotite, white mica, and plagioclase. 
